mune response, as well as a productive infection of T cells, by HIV [5, 16, 17] .
To better understand infection of genital mucosa during heterosexual transmission of HIV-1, the development of in vitro culture models is crucial. Here, we have developed a reconstructed vaginal mucosa integrating LCs [18] . This model is the first reconstituted mucosa to include LCs with the natural-tissue architecture. The reconstructed epithelium is constituted by 2 cell types (LCs and vaginal keratinocytes) and by a submucosa (a deepidermized dermis [DED] ). The model allowed the study of HIV infection of LCs in conditions close to the in vivo environment of a healthy genital epithelium. Hence, this culture model offers an interesting opportunity to study the role of LCs and host factors in the physiopathogeny of transmission of HIV in the female genital tract.
MATERIALS AND METHODS
Reconstructed genital mucosa integrating LCs. Cells were isolated and cultured, as described elsewhere [18] . In brief, epithelial cells obtained from vaginal biopsy specimens after hysterectomy were expanded in culture with NIH-3T3 cells previously treated with mitomycin C (5 mg/mL) (Sigma-Aldrich) for 2 h [19] , in Dulbec-co's modified Eagle medium (DMEM) and nutrient mixture F-12 Ham's (3:1; Bio Whittaker Europe) with 10% fetal calf serum (FCS; Bio Whittaker), 0.4 mg/mL hydrocortisone (Sigma), 5 mg/ mL insulin (Sigma), 10 ng/mL epidermal growth factor (EGF; Becton Dickinson), and 10 Ϫ10 mol/L cholera toxin (Sigma). LCs were obtained from umbilical cord blood CD34 + hematopoietic progenitor cells (CD34 + HPCs). The CD34 + HPCs were cultured for 6-14 days in RPMI 1640 medium supplemented with 10% FCS, 200 U/mL granulocyte-macrophage colony-stimulating factor (GM-CSF; Genzyme; R&D Systems), 50 U/mL tumor necrosis factor-a (TNF-a; Genzyme) [20] [21] [22] [23] , 100 U/mL transforming growth factor-b (TGF-b; Peprotech) [24, 25] , and 50 ng/mL Flt3-ligand (Flt3-L; Peprotech) [26] . In these conditions of culture, CD34 + HPCs differentiate into DCs containing a subpopulation of LCs, as described elsewhere [21, 22] .
Human DED was used as a corium equivalent. DED was prepared from skin obtained through plastic surgery [27] [28] [29] .
Epithelial cells were seeded on a DED at a density of 4-8 ϫ 3-4 ϫ 10 LCs on DED was maintained for 1 week in submerged conditions (i.e., the time necessary for LC precursors to become mature).
Immunohistochemical study.
Frozen 5-mm-thick sections were prepared in a cryostat, air-dried, fixed in acetone, and stored at Ϫ20ЊC until processed. The mouse monoclonal antibody (MAb) used for the immunohistochemical study of LCs was an anti-Langerin (DCGM4; provided by Sem Saeland, Schering-Plough, Dardilly, France). The section was first incubated with the primary antibody for 30 min. After 2 washes with PBS, the section was incubated for 20 min with a secondary biotinylated goat antibody reacting with mouse immunoglobulins. After additional washes with PBS, the section was incubated for 20 min with a streptavidin-biotin-peroxidase complex (StreptABComplex/HRP Duet; Dako), and the reaction was revealed with diaminobenzidine as chromogen (Dako). The sections were counterstained with hematoxylin.
Analysis of cell-surface molecules by flow cytometry. The expression of HIV receptor and HIV coreceptors was studied by use of flow cytometry, on CD34 + -derived cells at different stages of differentiation (day 0-14) and on epithelial cells. Nonpermeabilized cells or permeabilized cells (for epithelial cells; Dako) were analyzed by use of flow cytometry, after immunostaining with mouse MAbs directed to CD34 (Miltenyi Biotec), CD1a (Dako), CD4 (Dako), major histocompatibilty complex (MHC) class I (Dako), and CXCR4 and CCR5 (R&D Systems). Then, cells were washed and incubated with fluorescein isothiocyanate-labelled goat anti-mouse IgG (Dako). Cells were analyzed for fluorescence on a FACScan flow cytometer (Becton Dickinson). Dead cells were identified by use of propidium-iodide fluorescence and were excluded from further analysis.
HIV strains, in vitro infection, and detection of HIV DNA. Reconstructed genital epithelium with or without LCs and LCs in culture were exposed for 48 h to 5000 TCID 50 of HIV-1 LAI (X4 HIV-1 strain) and HIV-1 NL4-3 (X4 HIV-1 strain) or to 500 TCID 50 of HIV-1 Ba-L (R5 HIV-1 strain) (provided by F. Barré-Sinoussi, Institut Pasteur, Paris, France) and were analyzed for the presence of HIV pol DNA. Sup T1 cells, U937 cells, and peripheral blood mononuclear cells (PBMCs) were used as positive controls of infection.
HIV DNA was detected by use of a nested polymerase chain reaction (PCR). In brief, reconstructed mucosa or isolated LCs were washed 3 times with PBS, incubated for 10 min at 37ЊC with PBS containing 0.25% trypsin (to separate reconstructed epithelium from corium and to remove extracellular attached virus), and then washed twice with PBS. Cells were resuspended at 1000 cells/mL (∼ cells/reaction). Cellular DNA was 5 1-5 ϫ 10 extracted by use of the Whole Blood Specimen Preparation Kit (Roche). Samples (3 mL) were added to 40 pmol of each primer (Sigma), 0.2 mmol/L each dNTP (Roche), 3 mmol/L MgCl 2 (Gibco BRL), and 1 U of Taq DNA polymerase (Gibco), in a final volume of 50 mL. A total of 35 cycles were performed in an automated DNA Thermal Cycler (PerkinElmer 9600) (30 s at 94ЊC, 30 s at 57ЊC, and 30 s at 72ЊC). The nested PCR was used to detect an HIV-1 DNA fragment (646 bp) of the reversetranscriptase gene. pol PCR primers were 5 -GTACAGTATTA-GTAGGACCTACACCTGTC-3 and 5 -ATCAGGATGGAGTT-CATAACCCATCCA-3 . For the second PCR, 2 mL of amplified products was submitted to another 35-cycle amplification, in the same conditions, using internal primers 5 -CCAAAAGTT-AAACATGG-3 and 5 -AGTTCATAACCCATCCAAA-3 . PCR was also performed with glucose-6-phosphate dehydrogenase (GPDH), using primers 5 -TGAAGGTCCGAGCAACGGATT-TGGT-3 and 5 -CATGTGGGCCATTTGAGGTCCCACCAC-3 as amplification and DNA-content controls. PCR products (15 mL) were electrophoresed onto 1.5% (wt/vol) agarose gels and stained with ethidium bromide for UV visualization.
Inhibition of HIV infection. The effect of 2 chemokines on virus entry was examined. A total of 100 ng/mL stromal cell-derived factor 1 (SDF-1) or RANTES (both from R&D Systems) was added for 2 h at 37ЊC on a reconstructed vaginal mucosa with LCs, before exposure to HIV-1, and was maintained in culture after infection. The effect of azidothymidine (AZT; 10 mmol/L; Sigma) was also studied on the reconstituted model, in the same conditions. DNA was extracted, and HIV DNA was detected by use of nested PCR, as described above.
Production of virus by HIV-1-infected LCs cocultured with activated PBMCs. Reconstructed epithelium with or without LCs and LCs in culture were pulsed with HIV strains (LAI, NL4-3, and Ba-L) for 48 h, as described above, before cocultivation with phytohemaglutinin (PHA)-stimulated PBMCs. Activated PBMCs were obtained by stimulating with 1 mg/mL PHA from Murex (Abbott), for 3 days in an RPMI 1640 medium supplemented with 10% FCS and interleukin (IL)-2 (500 U/mL; Chiron). To eliminate residual and membrane-bound virions, HIV-1-pulsed cells were washed 3 times with PBS and incubated with 0.25% trypsin for 15 min at 37ЊC. Then, 10 5 cells were cocultured with activated PBMCs. Culture supernatants were col-5 5 ϫ 10 lected on the 10th day. Productive HIV infection was assessed by quantifying HIV RNA copies in supernatants by use of the AMPLICOR HIV-1 MONITOR assay (Roche), in accordance with the manufacturer's recommendations.
RESULTS
Reconstructed genital mucosa integrating LCs. We could observe, on a cryostat section counterstained with Harris' hematoxylin, a reconstructed mucosal epithelium consisting of 7-10 cell layers ( figure 1A ). Basal cells were cuboidal, whereas the more-superficial cells were larger and flattened as they progressed toward the surface [18] . In comparison with a native vaginal tissue, the reconstituted epithelium appeared to be thinner than its in vivo equivalent, and epithelial ridges were less prominent than those seen in vivo [18] .
LCs were detected within the basal and suprabasal layers of the reconstructed epithelium [18] , by use of an antibody characteristic of LCs, the Langerin, which is a surface glycoprotein and a Birbeck granules-associated antigen in the cytoplasm [30] (figure 1B).
Maturation and differentiation of CD34 + -derived LCs. By flow cytometry, we have studied the kinetics of expression of CD34, CD14, and CD1a on CD34 + HPCs differentiating into LCs, for 14 days of culture. CD34 molecules progressively disappeared (94.3% of cells expressed CD34 at day 1 and 4.5% at day 12), whereas CD1a molecules appeared on the surface of cells (0.4% at day 1 and 75% at day 12) (figure 2). Thus, DCs generated from CD34 + HPCs, after 12-14 days of culture, contained a large subpopulation of LCs [18, 21, 22] . There were no monocytes or macrophages among these cells: expression of CD14 progressively disappeared (15.3% at day 1 and 0% at day 12) (data not shown).
Expression of HIV receptor and HIV coreceptors on CD34 + -derived LCs and epithelial cells. We also studied the expression of CD4, the receptor of HIV, and CXCR4 and CCR5, the coreceptors of HIV, on CD34 + -derived LCs for a period of 14 days and on vaginal keratinocytes by use of flow cytometry.
We could observe the higher levels of expression of CD4, CXCR4, and CCR5 between day 8 and 14 (i.e., when LCs become mature). Precursors of LCs and LCs expressed CD4 (3.1% at day 7, 13.6% at day 10, 30.8% at day 12, and 25.5% at day 14), CXCR4 (44.5%, 61%, 51%, and 45.6%), and CCR5 (40.1%, 70.5%, 67.4%, and 51%) (figure 3). Therefore, these cells are targets for HIV infection by X4 or R5 strains of the virus. With these results, the best period for HIV infection appeared to be when the expression of HIV receptor and coreceptors of LC precursors is the highest. Consequently, we incubated HIV for 48 h on an in vitro reconstructed vaginal mucosa integrating LC precursors, at the 10th day of the culture.
We studied expression of CD4, CXCR4, CCR5, and MHC class I on the cell membrane and in the cytoplasm of vaginal cells, by use of flow cytometry. We showed that epithelial cells did not express CD4, according to Fantini et al. [31] , but highly expressed CXCR4 and CCR5 coreceptors in the cytoplasm (94.4% of cells expressed CXCR4 and 84% expressed CCR5), although there was no or minimal expression at the cell surface. MHC class I molecules were present at the cell surface (94.7%) and in the cytoplasm and were used as a positive control of staining ( figure 4) .
Susceptibility of LCs to X4 or R5 HIV-1 strains. We examined LCs for permissiveness to infection by X4 or R5 HIV-1 strains. Reconstructed epithelium with either vaginal cells only or vaginal cells and LCs and LCs in culture were exposed to 5000 TCID 50 of HIV-1 LAI and HIV-1 NL4-3 and to 500 TCID 50 of HIV-1 Ba-L , for 48 h. Nested PCR was used to detect the integration of viral DNA into LCs.
HIV proviral DNA was not detected in epithelial cells ( figure  5A-5C ). The vaginal cells were not infected by X4 or R5 HIV-1 strains. The presence of HIV DNA (figure 5A-5C) showed that isolated LCs in culture and LCs included in the reconstituted vaginal mucosa could be infected in vitro by the 3 HIV strains (LAI, NL4-3, and Ba-L). The control cells of HIV-1 infection were positive for the expression of proviral DNA: Sup T1 cells ( figure 5A and 5B) and PBMCs (figure 5A), for X4 HIV-1 strains (LAI, NL4-3), and U937 cells ( figure 5C ) and PBMCs (figure 5C), for R5 HIV-1 strain (Ba-L).
Thus, in in vitro conditions, LCs are permissive to infection by X4 or R5 HIV-1 strains when they are in culture or integrated in a reconstructed vaginal model (i.e., an in vitro environment close to the native tissue). These results are in accordance with the expression of CXCR4 and CCR5 coreceptors observed on in vitro CD34 + HPC-derived LCs (shown above).
Inhibition of HIV-1 infection of LCs.
To demonstrate that LCs integrated in the reconstructed vaginal epithelium were infected specifically through their CXCR4 or CCR5 HIV coreceptors, we used SDF-1, the natural CXCR4 ligand, and RAN-TES, the natural CCR5 ligand, to inhibit HIV infection. AZT, a reverse-transcriptase inhibitor, was used to assess that infection of LCs is associated with a cellular infection, which could be stopped-not at the HIV entry, but in the retrotranscription of the virus.
We have preincubated SDF-1, RANTES, or AZT for 2 h at 37ЊC on a reconstituted vaginal mucosa, before HIV-1 infection, which are maintained in culture after infection. Then, nested PCR was used to detect the presence of viral DNA. We observed that infection of LCs could be partially inhibited (HIV-1 LAI ; figure  6A ) or completely inhibited (HIV-1 NL4-3 ; figure 6B ) by SDF-1 and completely inhibited (HIV-1 Ba-L ; figure 6C ) by RANTES. The presence of HIV DNA (figure 6A-6C) showed the absence of an inhibitory effect of SDF-1 (for R5 HIV-1 strain) and RANTES (for X4 HIV-1 strains). AZT strongly inhibited infection with the LAI, NL4-3, and Ba-L strains (figure 6A-6C). LCs included in the vaginal model, in which HIV proviral DNA is detected, are a positive control of HIV infection (figure 6A-6C), and vaginal cells of mucosal epithelium are a negative control of HIV infection ( figure 6A-6C ).
These results demonstrate the specificity of HIV-1 infection of LCs, with inhibition by SDF-1 (for X4 HIV-1 strains) and by RANTES (for R5 HIV-1 strain), confirming the presence of functional CXCR4 and CCR5 HIV coreceptors on the in vitro CD34 + HPC-derived LCs. AZT prevented HIV replication in LCs.
Production of virus by HIV-1-infected LCs cocultured with activated PBMCs. We studied whether activated PBMCs af- fected virus replication by HIV-1-infected LCs. Reconstructed epithelium with or without LCs and LCs in culture were pulsed with various HIV-1 strains (LAI, NL4-3, and Ba-L) for 48 h, before coculture with stimulated PBMCs for 10 days. We verified that cell-associated HIV RNA copy numbers were very low in the supernatants, in all conditions tested, at the first day of coculture. At the tenth day of coculture, virus production rested low in the cocultures with vaginal cells, whereas the presence of LCs significantly increased HIV RNA copy numbers (table 1). The transmission of virus from HIV-1-infected LCs of the reconstituted vaginal mucosa to activated PBMCs is lower, compared with HIV-1-infected LCs alone in culture; indeed, the LCs are less numerous in the model (table 1) . These data showed that, in the cocultures of HIV-infected LCs and activated PBMCs, the DCs were able to transmit X4 or R5 HIV-1 strains to T lymphocytes, indicating a functional role of LCs integrated in the reconstructed mucosa in in vitro transmission of virus.
DISCUSSION
In the present study, we developed an in vitro reconstructed vaginal mucosa, with the particularity to include LCs. The reconstituted epithelium is very similar to an in vivo epithelium and contains the main cell types present in healthy genital epithelium (i.e., keratinocytes and LCs) [18] . LCs were detected in the basal and suprabasal layers of the reconstructed vaginal epithelium [18] by the expression of CD1a (a surface antigen [32] ), Langerin (a surface glycoprotein and a Birbeck granules- Figure 6 . Study of inhibitory effects of stromal cell-derived factor 1 (SDF-1), RANTES, and azidothymidine (AZT) on HIV-infected Langerhans cells (LCs). Nested polymerase chain reaction (PCR) was used to detect the presence of viral DNA. We preincubated SDF-1 (100 ng/mL), RANTES (100 ng/mL), and AZT (10 mmol/L) for 2 h at 37؇C on a reconstituted vaginal epithelium, before infection with HIV LAI (A), HIV NL4-3 (B), or HIV Ba-L (C) (at conditions described above), and maintained it in culture after infection. associated antigen in the cytoplasm [30, 33, 34] ), and S100 protein (a cytoplasmic protein expressed in the epithelia by LCs and melanocytes [35] ). A reconstituted skin including LCs has been described elsewhere [36] , but our model is original because it is the first reconstructed mucosa to integrate LCs. The use of DED provided an adequate corium equivalent and allowed the formation of a chorio-epithelial junction well formed with hemidesmosomes, a lamina lucida, a lamina densa, and anchoring fibrils [18] .
We have demonstrated that the CD34 + HPC-derived LCs, isolated in culture or integrated in a reconstructed mucosa, could be infected in vitro by HIV-1. Proviral DNA has been detected in LCs after infection by X4 (LAI or NL4-3) or R5 (Ba-L) HIV-1 strains, but we did not observe infection of vaginal keratinocytes in these culture conditions. In vivo studies have shown the infection of genital LCs, but not keratinocytes, by the simian immunodeficiency virus (SIV), after intravaginal inoculation of the virus in macaques [9, 37, 38] . Other experiments have demonstrated that human LCs isolated from mucosae [10] or from skin [39] or LCs generated from CD34 + HPCs [11, 12, 40] could be infected in vitro by HIV and transmit infection by releasing mature viral particles to other susceptible target cells [41] [42] [43] [44] [45] . Therefore, mucosal LCs appear to constitute the first target cells and to be involved in the sexual transmission of HIV [17, 46] and SIV [9, 37, 38, 47] .
We have shown that LCs obtained in vitro from umbilical cord blood CD34 + HPCs expressed CD4 and CXCR4 and CCR5 and that LCs included in the reconstituted vaginal epithelium could be infected by X4 or R5 HIV-1 strains, through CXCR4 and CCR5, respectively. These experiments have been assessed by the inhibition of infection of LCs by HIV, in the presence of SDF-1 and RANTES. The expression of CXCR4 and CCR5 has also been observed in monocyte-or CD34 + -derived LCs and in fresh LCs isolated from skin [11, 13, 48] . We have demonstrated that the only cells infected by HIV in our reconstructed mucosa were LCs, since epithelial cells were not infected and monocytes/macrophages (CD14 + cells) were not present. We were also able to show that the HIV-1-infected LCs of the reconstructed vaginal epithelium were able to transmit R5 or X4 HIV-1 strains to activated PBMCs. The low rate of transmission of virus observed in the case of R5 HIV-1 strain, compared with X4 HIV-1 strains, is probably not due to the viral tropism, but rather to the TCID 50 , which is 100 times higher for infection with X4 strains. Previous studies have demonstrated the in vitro infection of LCs by the R5 and X4 HIV-1 strains [11, 13, 48, 49] , with a high level of infection (R5 HIV-1 strain) and a low level of infection (X4 HIV-1 strains) [11, 40] . The in vitro or in vivo interactions between the LC/ DC and the T lymphocytes could allow a strong replication of the X4 or R5 HIV-1 strains [10, 41, 42, 50, 51] , with formation of syncytia [43, 44, 52, 53] . Macrophage (M)-tropic HIV-1 (R5 HIV-1 strain) is predominant during the initial viremia after sexual transmission [54] [55] [56] , whereas lymphotropic isolates (X4 HIV-1 strains) emerge with the progress of AIDS disease [57] . Several possible explanations for the selective transmission of M-tropic variants during primary infection have been described. It could be due to a different level of expression of CXCR4 and CCR5 and to a role of cytokines in the regulation of the expression of coreceptors. Zaitseva et al. [14] found that freshly isolated epidermal LCs (resembling resident mucosal LCs) expressed CCR5, but not CXCR4, on their surfaces, providing explanation for the preferential selection of R5 HIV-1 strain; but a recent study did not support this conclusion and showed the expression of 2 coreceptors on fresh LCs of skin [13] , emphasizing the difficulty and complexity of the question. Moreover, the DCs' permissiveness to support replication of HIV is determined by their maturation stage [11, 49] . Indeed, immature CD34 + HPC-DCs were more susceptible to infection with R5 HIV-1 strain, and, inversely, mature CD34 + HPC-DCs were more susceptible to infection with X4 HIV-1 strains. Cytokines (IL-4, TGF-b, and IFN) may also influence the emergence of X4 or R5 HIV-1 strains [58] , and it was suggested that constitutive expression of SDF-1 by epithelial cells of mucosae could induce CXCR4 down-modulation, thereby reducing the transmission and propagation of X4 HIV-1 strains at mucosal sites [59] . Another hypothesis is that a differential effect of HIV-1 on migration of LCs and X4 HIV-1 strains, but not R5 strain, would inhibit the migration of LCs and would involve a preferential carriage of R5 HIV-1 strain [60] . Our results do not allow us to conclude that LCs are the cells responsible for the selection of R5 strains in these in vitro conditions.
The complex connections between the microenvironment and the mucosal cells are difficult to determine, underlying the interest of an in vitro modelization. It might be interesting to know the level of expression of HIV coreceptors, the factors (cytokines and chemokines) of the mucosal environment, and their role in the regulation of expression of CXCR4 and CCR5 on the target cells (CL, CD, macrophages, and lymphocytes) of the surface or submucosal tissues. Knowledge of these mechanisms of regulation is indispensable to understand the selective transmission of M-tropic isolates in cases of primary infection.
The main interest of this reconstructed mucosa is the possibility to study LCs in an environment and an architecture that are very close to in vivo conditions and to better understand the transmission of HIV in the female genital tract. This model could be used for all mucosal infections (viruses, bacteria, fungi, and parasites) and also for toxicological, pharmacological, or cosmetological assays involving LCs. Indeed, the development and the validation of alternative methods to animal testing are just now one of the priorities of private and public research.
